The effect of different cold plasma treatments on the germination and seedling growth of alfalfa (Medicago sativa L.) seeds under simulated drought stress conditions was investigated. Polyethyleneglycol-6000 (PEG 6000)with the mass fraction of 0% (purified water), 5%, 10%, and 15% were applied to simulate the drought environment. The alfalfa seeds were treated with 15 different power levels ranged between 0-280 W for 15 s. The germination potential, germination rate, germination index, seedling root length, seedling height, and vigor index were investigated. Results indicated significant differences between treated with proper power and untreated alfalfa seeds. With the increase of treatment power, these indexes mentioned above almost presented bimodal curves. Under the different mass fractions of PEG 6000, results showed that the lower power led to increased germination, and the seedlings presented good adaptability to different drought conditions. Meanwhile, higher power levels resulted in a decreased germination rate. Seeds treated with 40 W resulted in higher germination potential, germination rate, seedling height, root length, and vigor index. Vigor indexes of the treated seeds under different PEG 6000 stresses increased by 38.68%, 43.91%, 74.34%, and 39.20% respectively compared to CK 0-0 , CK 5-0 , CK 10-0 , and CK 15-0 (the control sample under 0%, 5%, 10%, and 15% PEG 6000). Therefore, 40 W was regarded as the best treatment in this research. Although the trend indexes of alfalfa seeds treated with the same power were statistically the same under different PEG 6000 stresses, the cold plasma treatment had a significant effect on the adaptability of alfalfa seeds in different drought environments. Thus, this kind of treatment is worth implementing to promote seed growth under drought situations.
Introduction
Alfalfa (Medicago sativa L.) is a perennial forage crop, and it does not only have high yield, good quality, and high protein content, but also can be planted on marginal land [1, 2] . Alfalfa is the largest artificial pastures planted in China, and the vast majority of alfalfa is grown in the drought-stricken northern China. Drought is one of the major environmental determinants of plant growth and productivity [3] . In general, exposure to a drought environment causes many common reactions in plants. It can lead to cell dehydration with concomitant osmotic changes, where the removal of water from the cytoplasm into the extracellular space leads to a decrease in cytoplasmic and vacuolar volume [4] ; thus, the germination of alfalfa seeds is poor under drought conditions. Ding [5] investigated the effects of drought stress on germination and early seedling growth of weedy rice by using polyethyleneglycol-6000 (PEG 6000) to simulate drought stress. Gao [6] put forward an evaluation method of maize drought resistance during germination, where PEG 6000 was applied to simulate drought stress. Drought stress was applied through incubation in four different concentrations of PEG 6000 in the research of Goraghani [7] . Guo [8] studied the seed germination characteristics and drought resistance of legume forage species under different concentrations (5%, 10%, and 15%) of PEG 6000. Therefore, the 0%, 5%, 10%, and 15% of PEG 6000 were chosen to simulate the different drought stresses for alfalfa seeds in this research.
Cold plasma technology (CPT) is an alternative to the traditional pretreatment methods in agricultural science, such as physical scratching, heat treatment, and chemical treatment. The vitality of seeds can be activated by CPT before sowing [9] . Cold plasma, a type of non-thermal plasma, is an electrically energized substance in a gaseous state that is not in thermodynamic equilibrium, and can be generated through electric discharge in a gaseous environment [10] . Non-thermal plasma, as opposed to thermal plasma, which is characterized by high temperatures, can work at low temperatures. Therefore, non-thermal plasma works effectively without causing thermal damage to surfaces [11] . A large number of related studies on the effects of plasma treatment on seeds were carried out. Dobrin et al [12] reported that the plasma treatment had a positive effect on early wheat growth, and it influenced growth parameters. Matra et al [13] confirmed that plasma treatment could enhance the growth rate of radish seeds and the dry weight of radishes. Zahoranová et al [14] studied on the effect of plasma treatment on the surface wettability and germination index. Sarinont et al [15] studied the action of dielectric barrier discharge (DBD) plasma irradiation using various feeding gases on seeds of Raphanus sativus L., and analyzed their growth. Sera et al [16] researched the influence of plasma treatment on wheat and oat germination, and early growth. Kitazaki et al [17] found that oxygen plasma irradiation could promote radish growth better than air and argon radio frequency plasma. Jiang et al [18] found that seed germination potential, germination rate, plant height, root length, fresh weight, plant height, stem diameter, leaf area, and leaf thickness were significantly improved by a CPT of 80 W, indicating that CPT could promote the growth of wheat. Shao [19] found that CPT could improve alfalfa seed germination, water absorption ability, and seedling growth. This may be because when the seeds passed through the cold plasma glow discharge zone, the cold plasma and seed surface would interact. CPT could improve the permeability, strengthen the imbibition to promote water and other necessary chemicals permeating into the seeds quickly, and provide a better condition for seed germination [14] . At the same time, the biological macromolecules in seeds were affected, and internal transfer of energy occurred. For instance, a part of the energy absorbed can transfer electronic vibrations to heat. When the molecule absorbs the photon, its electron will transform from a low energy state (the ground state) to a higher energy state (excited state); this makes the molecules absorb energy, resulting in energy level transition. The effect of plasma treatment on many different kinds of seeds have been reported, and they concluded that germination potential, germination rate, roots, growth, yield, quality, and other indicators were improved after plasma treatment.
However, these features of alfalfa seeds have not been studied under different drought conditions. The objectives of this research were to investigate the effect of CPT on alfalfa seeds under different drought conditions and to provide theoretical evidence for the application of plasma treatment on alfalfa seeds under these drought conditions. The long term goal of this research is to increase the quality and quantity of alfalfa on different drought lands through pretreating alfalfa seeds using suitable technology.
Materials and methods

Tested material
Alfalfa seeds were selected for this study since alfalfa represents one of the most important forage grasses in the world. The alfalfa seeds 'Zhongmu 6' were obtained from Shandong Province Seeds Group Co. Ltd Seeds, harvested in 2015. Through visual selection, only healthy seeds without obvious defects were selected.
Seed processing device and principles
A plasma seed processing device (2SZ-10 RF, made by our team), as shown in figure 1 , was used to activate crop seeds. The device was made of a vacuum system, gas distribution system, and plasma generation system. The vacuum system consisted of a vacuum chamber, a vacuum gate, valves, a pump, and a bleed valve. The gas distribution system consisted of gas cylinders, a gas flow meter, a gas valve, and so on. The plasma generation system consisted of RF power, electrode plates, RF connecting wire, and so on. The gas medium in the closed vacuum chamber of the device was a mixture of air and helium gas. By the glow discharge of gas ionization, gas molecules and atoms that obtained extra energy were decomposed and ionized. Then, they became negatively charged electrons and positively charged ions, and formed a beam of plasma. Schematic of plasma seed processing device. 1 sample disk, 2 vacuum chamber, 3 vacuum gate, 4 valves, 5 pump, 6 radio frequency (RF) power, 7 bleed valve, 8 gas flow meter, and 9 helium gas cylinders.
Processing method
Fifteen-second CPT was conducted for the seeds after winnowing, and the power levels were 0 (untreated as control sample), 20, 40, 60, 80, 100, 120, 140, 160, 180, 200, 220, 240, 260, and 280 W. The weight of seeds treated with each same power level was 20.00±0.10 g, and the treated seeds were stored in a cool and dry place where temperature ranged from 10°C to 23°C with about 20% relative humidity. The seeds were treated on October 10, 2016, and the germination test was carried out on October 15, 2016.
Experimental design
Experimental variables included the mass fraction of PEG 6000 and the power level of the plasma seed processing device. The mass fractions of 0%, 5%, 10%, and 15% of PEG 6000 were applied to simulate the drought environment. The seeds to be treated with the plasma processing device at each power level were divided into four treatments, representing four PEG 6000 treatments. These four treatments were sown on filter paper with 0%, 5%, 10%, and 15% PEG 6000 solution, respectively. Each treatment was further separated into four repetitions. Meanwhile, each repetition included 100 disease-free and uniform seeds in a 12 cm Petri dish. All treatments in this test are shown in table 1. All Petri dishes with seeds were placed in an incubator with 20°C constant temperature, 1250 Lx light intensity, and 45%-58% relative humidity, for 10 days [20] . The germination of seeds was observed every day, and the number of germinations recorded. Filter papers with the corresponding solutions were renewed in time to maintain a stable environment. After the germination test, the seedling height and root length were measured, and the germination potential, germination rate, germination index, and vigor index were calculated.
Germination rate, germination potential, and germination index
The calculation formulas were as follows.
Here, GP is the germination potential, GR is the germination rate, GI is the germination index, VI is the vigor index, n 1 is the germination number on the fourth day of treatment, n 2 is the germination number on the tenth day, N is the total number of seeds, G t is the number of seed germination on the tth day, D t is the number of days of germination, and S is the average length of seedlings [21] .
Method for measuring seedling height and root length
Ten uniform growing seedlings were selected from each repetition at the last count. Seedling height and root length were determined with a millimeter-scale ruler.
Statistical analysis
Statistical analysis was carried out by SPSS program, and single factor random block analysis was used. Multiple comparisons were performed using Duncan post hoc tests. The results showed mean and standard deviation for each treatment. The correlation coefficients among each group were analyzed by a Pearson test, and the difference was significant at the level of P0.05 [22] .
Test results and analysis
Effect of CPT on the germination of alfalfa seeds under different PEG 6000 stresses
GP is an important index to measure seed germination, and presents the germination speed and uniformity. As shown in table 2, with the increase of treatment power under the same PEG 6000 stress, the GP of alfalfa seeds first increased, then decreased, increased, and decreased again; these were characterized by bimodal curves. When increasing power from 0 to 20 and then to 40 W, GP values increased significantly for all drought levels; however, this increasing trend became insignificant for power levels 60 W and higher. Considering power consumption, 40 W was considered as the best treatment power for the alfalfa seeds studied. With the increase of the mass fraction of PEG 6000, GP of the seeds with the same processing power almost showed the tendency of decrease. The decrease in GP under the 15% PEG 6000 stress was greater than those under 0%, 5%, and 10% PEG 6000 stresses. Under the 15% PEG 6000 stress, the GP of seeds processed with more than 180 W were significantly lower than those for CK . This indicated that the germination ability of 0  20  40  60  80  100  120  140  160  180  200  220  240  260 seeds treated with high power and high mass friction of PEG 6000 dropped, that is to say, the seeds treated with higher power had relatively poorer adaptability in the drought condition. Under the 0%, 5% and 10% PEG 6000 stresses, the GP of the seeds with different CPT power levels almost increased compared to those for CK 0-0 , CK 5-0 , and CK 10-0, respectively. The GP of seeds with 40 W CPT had the best performance under the different PEG 6000 stresses. GR is another important index to measure the quality of seeds. A higher GR represents better embryo development and seed vitality. As shown in table 3, the effect of CPT on alfalfa seeds was different under different PEG 6000 stresses. Under 0% PEG 6000 stress, the GR of alfalfa seeds with 20-260 W CPT were all higher than that of CK 0-0 . Under the 5% and 10% PEG 6000 stresses, the GR of alfalfa seeds treated with 20-280 W CPT were higher than those of CK 5-0 and CK 10-0 , respectively. Under the 15% PEG 6000 stress, the GR of alfalfa seeds treated with 40-120 W and 160 W CPT were higher than that of CK 15-0 ; a decrease was observed in the other treatment groups. This indicated that the promoting effect of CPT with low power on GR was more significant under 0% or lower PEG 6000 stresses. The alfalfa seeds treated by lower-power CPT showed better adaptability under lower degrees of drought stresses.
GR values with 40 W CPT under different PEG 6000 stresses were close to the highest values, and no significant differences were detected between this value and higher GR values at higher power levels. Thus, considering the power consumption of seed processing, 40 W was selected as the best processing power. In PEG 6000-simulated drought stress, the appropriate power of CPT could improve the GR of alfalfa seeds.
As shown in table 4, the best processing power, 40 W, corresponded to the maximum GI value under the different PEG 6000 stresses. The only exception is the GI value at 10% of PEG 6000; however, its maximum (39.48) is not significantly lower than the GI value (39.88) at 120 W. Thus, 40 W remains as the best processing power for the highest GI. The GI of alfalfa seeds treated by the same CPT almost decreased with increasing PEG 6000 concentration, and this trend was consistent with those seen for GP and GR. When the treatment power was 40 W, the GI was the highest (or close to the highest) under the different PEG 6000 stresses, and was significantly higher than that of CK 0-0 , CK 5-0 , CK 10-0 , and CK 15-0 ; thus, 40 W was considered as the best treatment power. The GI of alfalfa seeds under drought could be improved by using the appropriate power of CPT; the GI with CPT might even be higher than that under the no drought condition (CK 0-0 ). 
Effect of CPT on seedling growth of alfalfa seeds under different PEG 6000 stresses
Ten strains of uniform growing seedlings were selected from each repetition to measure the seedling height and root length at the last count. Variance analysis using a single factor randomized block test was carried out, and the results are shown in figures 2-5, where seedling height was positive, and root length was negative. The seedling height and root length were affected to different degrees by the CPT under the different PEG 6000 stresses. Under the 0% PEG 6000 stress, the seedling height with 40 and 140 W CPT increased significantly, and the root length with 40, 60, 80, 120, and 160 W CPT increased remarkably, compared with those of CK 0-0 . The seedling height and root length with 40 W CPT were better than those of CK 0-0 . Under the 5% PEG 6000 stress, the CPT had little effect on seedling height; it mainly affected root length, especially of seeds with 40, 80, and 100 W CPT. Under the 10% PEG 6000 stress, the seedling growth of alfalfa seeds reached the best growth condition after CPT, and the seedling height and root length showed great growth advantages compared with those for CK . The seedling height with 20, 40, 80, 100, 140, 160, 240, and 280 W CPT treatment was significantly better than those for CK ; heights under the other treatment powers (except 200 W) were slightly higher than those for CK . Meanwhile, the root length of alfalfa seeds with CPT was higher than that of CK ; the effects of 20, 60, 80, 100, 120, 180, 200, 220, and 240 W power were particularly obvious. Under the 15% PEG 6000 stress, the seedling height with 80, 180, and 200 W CPT, and the root length with 40 and 140 W, increased.
Effect of CPT on the vigor index of alfalfa seeds under different PEG 6000 stresses
As shown in figure 6 , the VI of alfalfa seeds with 20-140 W CPT were higher than CK under 0-15% PEG 6000 stresses, indicating that low CPT power could promote the germination of alfalfa seeds, and provided better adaptability under different drought environments. The VI of seeds with 40 W CPT under 0%, 5%, 10%, and 15% PEG 6000 stresses increased by 38.68%, 43.91%, 74.34%, and 39.20%, respectively, compared to CK 0-0 , CK 5-0 , CK 10-0 , and CK 15-0 ; these increases uniformly achieved the best state of VI.
When the processing power was greater than or equal to 160 W, the VI under 0-10% PEG 6000 stresses were almost all higher than those of CK, but the amplitude decreased with the increase of PEG 6000 stress. Under the 15% PEG 6000 stress, a negative effect appeared, and the VI of seeds under all CPT powers was lower than CK. The trends about the VI of the seeds with CPT under different drought conditions were almost same (as shown in figure 6 ), and thus CPT application could enhance the drought resistance of alfalfa seeds.
Discussion
Cold plasma seed pretreatment technology is a modern agricultural technology, and it is known as a stimulation treatment to improve seed germination [23] . In this study, the germination rate of seeds was improved, like in the study by Sera [24] . Plasma treatment could produce ultraviolet radiation, free radicals, and chemical reactions, all of which have important influences on the treatment effect. The plasma provides light over a wide spectral range. In the wavelength range, due to the high photon energy, UV light has an important direct impact on the photochemical reaction [25] . UV light also has an indirect effect, where the free radicals are generated by UV light in the gas or liquid phase, and react with the organism [15] .
During interaction between CPT and seeds, modification of the seed surface is important, which could improve the seed coat permeability, enhance imbibitions, and ensure that moisture and other necessary materials permeate into the seed quickly to provide active materials for seed germination [16, 26] . However, the best treatment effect of different crops might depend on seed size, seed coat hardness, and so on.
There was no linear relationship between improvement effect and treatment power in different groups. In addition, previous studies found that high power or a long processing time resulted in inhibition of seed germination [27] [28] [29] [30] . Therefore, it is important to select a suitable power to process the seeds. The germination of alfalfa seeds with 40 W CPT was significantly improved, and yielded the best VI. The 40 W CPT was applied to the alfalfa seeds to show the better adaptability under the different PEG 6000 stresses; our results were consistent with previous results that the plasma could promote the drought resistance of alfalfa seeds. The GI of alfalfa seeds with CPT improved, which might be related to an increase in cell membrane permeability. Due to the effect of CPT, the seed coat structure became slightly loose, which increased the plasma membrane permeability, and thus the energy metabolism inside and outside the seed coat could be accelerated. This promoted germination and seedling growth. However, whether CPT can induce enzyme gene expression related to drought resistance or improve the drought resistance through other mechanisms are still unknown. The mechanism through which CPT enhances the drought resistance of plants will be further revealed with the continuous efforts of researchers.
Conclusion
The GP, GR, GI, seedling height, and root length of the alfalfa seeds were affected by different powers of CPT under different PEG 6000 stress. The VI was related to treatment power and water supply. The improvement of alfalfa seeds with lower power CPT was obvious, and these seeds had better adaptability to different drought conditions. On the other hand, the VI of alfalfa seeds with high-power CPT was decreased and the drought resistance was poor. The GP, GR, GI, and VI of the alfalfa seeds with 40 W CPT were significantly improved, and VI respectively increased by 38.68%, 43.91%, 74.34%, and 39.20% under the 0%, 5%, 10%, and 15% PEG 6000 stresses, compared with CK sample groups. The increase of VI at this power was high, and its best value was reached. In conclusion, the 40 W CPT was the best CPT power to adapt to different drought conditions.
